To understand their influence on elastic wave propagation, anisotropic cracked media have been widely investigated in many theoretical and experimental studies. In this work, we report on laboratory ultrasound measurements carried out to investigate the effect of source frequency on the elastic parameters (wave velocities and the Thomsen parameter γ ) and shear wave attenuation) of fractured anisotropic media. Under controlled conditions, we prepared anisotropic model samples containing penny-shaped rubber inclusions in a solid epoxy resin matrix with crack densities ranging from 0 to 6.2 per cent. Two of the three cracked samples have 10 layers and one has 17 layers. The number of uniform rubber inclusions per layer ranges from 0 to 100. S-wave splitting measurements have shown that scattering effects are more prominent in samples where the seismic wavelength to crack aperture ratio ranges from 1.6 to 1.64 than in others where the ratio varied from 2.72 to 2.85. The sample with the largest cracks showed a magnitude of scattering attenuation three times higher compared with another sample that had small inclusions. Our S-wave ultrasound results demonstrate that elastic scattering, scattering and anelastic attenuation, velocity dispersion and crack size interfere directly in shear wave splitting in a source-frequency dependent manner, resulting in an increase of scattering attenuation and a reduction of shear wave anisotropy with increasing frequency.
cal simulations of elastic wave propagation in anisotropic media based on some previous knowledge are generally used as a tool to enhance the understanding of this complexity structures. However, numerical simulation of wave propagation in cracked media can be computationally and mathematically expensive and intense (Hudson 1981; Crampin 1981; Hudson et al. 2001) . When scattering effects are taken into account, these costs become even more significant (Willis 1964; Mal 1970; Yang & Turner 2003 , 2005 . Moreover, such a computational approach can only study phenomena that are sufficiently well described by the underlying equations. Unfortunately, in many situations some of the assumptions made in numerical modelling may be oversimplified, constraining, or even questionable.
Some difficulties with the understanding and interpretation of data from both field acquisition and anisotropic modelling can be overcome using experimentally scaled physical modelling. Laboratory measurements have been shown to be a useful tool for modelling conditions present in the field, helping to reduce uncertainties about elastic parameters in numerical methods. Assad et al. (1992 Assad et al. ( , 1996 , Wei (2004) and Wei et al. (2007) established an experimental relationship between crack density and shear velocity based on theoretical predictions by Hudson (1981) . Melia & Carison (1984) investigated the effect of layered media on compressional wave propagation in a series of experiments in anisotropic samples. They noted that P-wave dispersion in anisotropic layered media is a function of the concentration of different layered materials as well as the thickness of the layers. In a similar approach, Marion et al. (1994) and Rio et al. (1996) studied dispersion and multiple scattering of short and long wavelengths in stratified media. The main proposal of these latter works was to establish a description of wave propagation in the transition zone between ray theory and equivalent medium theory.
Other sets of experimental work performed by Rathore et al. (1995) and Peacock et al. (1994) demonstrated the feasibility of ultrasonic measurements to study wave propagation in artificially cracked porous media. Using experimental data obtained by Rathore et al. (1995) , the theoretical predictions of Thomsen (1995) for aligned cracks in porous rock received strong support. More recently, experiments by Tillotson et al. (2011) have suggested the possible use of shear wave data to discriminate fluids on the basis of viscosity variations.
In anisotropic cracked media, the influence of frequency on properties of wave propagation is determined by the size of the heterogeneities (Assad et al. 1992 (Assad et al. , 1996 Wei 2004; Wei et al. 2007 ). However, quantification of this influence is still desirable. To better understand the influence of cracks and fractures on the frequency response in such media, we conducted a series of experiments aimed at extending the work of the cited authors. We used a shear wave source with different frequencies: low frequency (LF = 90 kHz), intermediate frequency (IF = 431 kHz) and high frequency (HF = 840 kHz) to carry out experiments on a reference sample without inclusions and three other samples with different inclusion sizes, thereby simulating different crack densities. In this arrangement, shear wave splitting was observed with different magnitudes as a function of frequency. In the same set of experiments, we also quantified attenuation using the frequency shift method (Quan & Harris 1997) . Our results show that S-wave attenuation, both intrinsic and due to scattering (Toksoz & Johnston 1981; Görich & Müller 1987; Tselentis 1998) , correlates directly with shear wave splitting, which in turn is related to crack density. Furthermore, we observe that the anisotropy parameter γ (Thomsen 1986 ) varies with frequency and crack size.
E X P E R I M E N TA L P RO C E D U R E
The construction of the cracked samples as well as the ultrasonic measurements were carried out at the Allied Geophysical Laboratories (AGL) at the University of Houston, Texas. Under controlled conditions, we constructed three cracked samples (M2, M3 and M4) with different crack densities and one uncracked sample (M1) for reference. Pictures of all samples are shown in Fig. 1 . 
Sample preparation
The isotropic sample M1 consists of a single cast of epoxy resin. Samples M2 and M3 contain cracks aligned along the Y and X directions, respectively. Sample M4 has three differently cracked regions, but five different positions used for measurements, labelled 1-5 in Fig. 1 . Positions 2 and 4 are at the boundaries between the three different regions. The cracked samples were constituted one layer at a time, alternating with the introduction of rubber cracks. To reduce possible boundary effects to a minimum, the time interval between the creation of separate layers was kept as short as possible. Constant layer thickness (0.5 cm for M2 and M4 and 0.25 cm for M3) was ensured by using the same volume of epoxy resin poured for each layer. After each layer with inclusions was added to the sample, air was extracted using a vacuum pump to avoid inhomogeneities in the epoxy resin (material of the matrix). The solid rubber material used to simulate the cracks in samples M2 and M4 was neoprene rubber, while in sample M3 we used silicone rubber. The compressional wave-velocity ratio was around 1.5 between solid epoxy and neoprene and about 2.25 between solid epoxy and silicone rubber. Note that these values are only rough estimates, because the S-wave velocity in rubber was difficult to determine due to the low shear modulus of this material. The physical parameters of the included rubber cracks in each sample are displayed in Table 1 . The crack density in the cracked samples was determined by
where N is total number of inclusions, r is their radius, h is the inclusion's thickness (crack aperture) and, finally, V is the volume of the cracked region for each sample (see Fig. 1 ). Eq. (1) is a modification of the relation of Hudson (1981) for crack density estimation.
Ultrasonic measurements
We carried out ultrasonic measurements using the Ultrasonic Research System at AGL with the pulse transmission technique. The sampling rate per channel for all experiments was 0.1 µs. Fig. 2(a) shows the device developed for recording S-wave seismograms with rotating polarization. The source and receiver transducers were arranged on opposing sides of the samples, separated by the measuring length (see Table 1 ). To ensure the wave propagation to take place inside the desired region of the samples, the transducers on either side were placed at the centre of each region. The initial shear wave polarization was parallel to the cracks. Changes in polarization were achieved by rotating both transducers by 10 • degrees at a time until polarization was again parallel (i.e. 0-180
• ) to the XZ-plane (see Fig. 2b ). In total, 19 traces were recorded in each seismic section with 20-fold stack to eliminate ambient noise. The polarizations of 0
• and 180
• correspond to the fast S wave (S1) and 90
• corresponds to the slow S wave (S2).
The reproducibility of the ultrasonic recordings for all samples was ensured by preserving the same physical condition of the complete electronic apparatus. Furthermore, the same coupling between transducers and samples was guaranteed by a holder with a spring attached (see Fig. 2 ). In order to establish good contact between transducer and sample, a very slim layer of natural honey was placed at the surface of the samples.
The source wavelet functions generated by the employed transducers as well as their physical specifications are shown in Table 2 . More information about these transducers can be found at the website of the manufacturer.
1 The field condition for these transducer was verified based on the relationship of Thompson & Chimenti (1995) ,
where D is the transducer's diameter and λ is the dominant wavelength in the sample. The values of the ratio between the measuring length of the samples (see Table 1 ) and the near-field distance shown in Table 2 is greater than 1 for all transducers. Therefore, the far-field condition is satisfied for all recordings.
Attenuation estimation procedure
We start by analysing the S-wave source signatures and Fourier amplitude spectra of the three source transducers used to obtain the data later on (see Figs 3a and b). The small secondary peak in the spectrum of the signature of the 90-kHz transducer (blue line in Fig. 3b ) can be attributed to some artefact in the piezoelectric crystal used for this transducer. Since the amplitude of this secondary peak is rather small, we can neglect its presence in the further analysis. To simplify the interpretation of the spectra, we performed a Gaussian non-linear fit to each amplitude spectrum (see Fig. 3c ). The time windows used to evaluate the Fourier spectra of the signature traces were 10 µs for the IF and HF sources and 28 µs for the LF transducer. We used this Gaussian fit to determine the centroid frequency as well as the variance of frequency content. This information is required later on for the attenuation estimation using the frequency shift method (Quan & Harris 1997) . The frequency-shift method determines the quality factor Q of a seismic event from a comparison of the centroid frequency before and after a transmission experiment. We applied this method using a source-signature trace and the S-wave arrival after transmission through our samples. The experimental setup is depicted schematically in Fig. 4 . According to Matsushima et al. (2011) , the frequency shift between the two events determines the Q factor as
where t is the traveltime difference between two different record-
is the difference in centroid frequency between the source (f i ) and the sample-trace pulse f o after Gaussian non-linear fit and σ 2 s is the corresponding variance of the source frequency (as depicted in Fig. 4c ). It should be noted that the frequencyshift method measures total attenuation without distinction of the physical effects that might be causing it. Note that, even though the frequency shift method is a stable method to estimate attenuation, the associated determination of the variance is very sensitive to the noise (Nunes et al. 2011) . Thus, to avoid overestimation of the attenuation, the noise in the transmission seismograms of our experiments was significantly reduced by 20-fold stack for each recorded trace.
We see in Fig. 3 (a) that all transducers have an intrinsic time delay. For all S-wave transducers used in this work, we estimated a delay time of 2.7 µs. For the velocity calculations, the delay time was subtracted from the observed arrival time. The accuracy of time picking was ±0.1 µs, which allows to determine the wave velocities with an accuracy of ±0.3 per cent.
E X P E R I M E N TA L R E S U LT S
In this section, we present our experimental results for S-wave splitting in three cracked samples and one uncracked sample. It also includes a frequency-domain attenuation analysis in the three different frequency ranges (LF, IF and HF).
Shear wave seismograms
We start with the analysis of the transmission seismograms for the low, intermediate and high-frequency sources in samples M2 and M3. They are depicted in Fig. 5 , which also includes the corresponding seismograms for the isotropic sample M1 for reference. All seismograms in Fig. 5 are scaled to the maximum of the respective section. We observe shear wave splitting for all frequencies in both samples M2 and M3. The magnitude of this birefringence depends on the source frequency. As expected, the isotropic sample M1 shows uniform S-wave arrivals for all polarizations and all recording frequencies, not separating fast (S1, 0
• and 180 • ) and slow (S2, 90
• ) S waves. In sample M2, the time delay observed between the arrivals associated with S1 and S2, that is, the fast and slow shear waves, was 6.9 µs for LF data ( Fig. 5a ) and 1.7 µs for IF data (Fig. 5b) . Despite the slightly larger measuring length in sample M3 (with smaller cracks), the time delays were smaller here. We found 3.9 and 1.5 µs for LF and IF data, respectively (see Figs 5a and b) . In the case of the high frequency measurement, sample M2 (see Fig. 5c ) shows fast and slow shear wave arrivals that are hard to interpret, which probably can be attributed to the pulse wavelength being of the same order as the size of the cracks. We will elaborate on this in the next section. Similarly, due to the small ratio between wavelength and crack size (see next section), the sample M3 for HF source presents a time delay of 0.8 µs. 
Frequency analysis
The next step consists of analysing the Fourier spectra of the above seismograms and their respective Gaussian non-linear fit spectra. The purpose is to analyse the shear wave scattering and attenuation in the samples. The results are explained below and summarized in Table 3 .
Sample M1
We start with the data for sample M1 (left column of Fig. 5 ). The red box in the seismograms mark the time window used to perform the FFT operation over the traces corresponding to the 0 • (S1) and 90
• (S2) polarizations. We observe from the resulting normalized amplitude spectra (Fig. 6 ) that in this isotropic epoxy resin sample M1, the peak for the HF waves is the most strongly shifted one. The dominant frequency is shifted from 840 kHz (source frequency) to 552 kHz (frequency response), while the shift for IF is from 431 kHz to 317 kHz and the one for LF is 90 kHz to 87.5 kHz. This very small shift, which means that the LF waves are almost unattenuated, can be attributed to the fact that in this frequency range, the wavelength is of about the order of the sample size (deviating by only a factor 1.5).
Sample M2
The corresponding spectra for sample M2 are depicted in Fig. 7 . In this sample, the ratio of wavelength to crack size ranges from 0.37 (HF) to 3.57 (LF) (see Table 4 ) and hence effects associated with scattering or diffraction as well as effective media are expected to be seen at the same time (Marion et al. 1994; Gibson et al. 2000; Matsushima et al. 2011) .
In the HF spectra (see Fig. 7c ) obtained from the seismograms in the centre of Fig. 5c , we observe two independent peaks for both the S1 and S2 waves. The reason becomes evident from Table 4 , which presents the ratio between crack size and seismic wavelength for S1 and S2 waves in samples M2 and M3 in the LF, IF and HF range. The effective crack diameter d in Table 4 is that of an equivalent sphere with the same volume V c as the cracks, that is, d = 3 √ 3V c 4π . The contributions of the wavefield at the highest frequencies travel practically unaffected in the nearly homogeneous medium between the cracks, giving rise to an unperturbed S-wave arrival of the observed wavefield at almost the same traveltime as in the isotropic sample M1 (see left seismograms in Fig. 5c ). Contributions at the lowermost frequencies propagate as if in an effective medium, almost unperturbed from the individual cracks, because the crack size is much smaller than the wavelength. On the other hand, intermediate frequency contributions with wavelengths of the order of the effective size of the scatterers suffer from the strongest attenuation from scattering at the cracks. Thus, these contributions are almost completely missing in the receiver wavefield, resulting in two peaks at either side of the resulting amplitude spectrum. Note that Figs 7(a) and (b) do not exhibit a second peak, indicating that the high frequencies that suffer very little attenuation are not present in these wavefields. This is corroborated by the seismograms in Figs 5(a) and (b), in which the S-waves arrivals are recorded at a significantly later time than in the isotropic sample M1. Note that in the HF range (see Fig. 7c ), the spectra of the S1 and S2 polarization exhibit two visible differences. (1) The shift of dominant frequency is stronger for the S1 polarization (from 840 kHz to 172 kHz) than for S2 (from 840 kHz to 206.5 kHz). (2) The second peak at higher frequencies is much more pronounced relative to the first one for the S2 polarization than for S1. In the LF and IF ranges, the S1 and S2-wave polarizations exhibit a nearly identical behaviour. While for LF, almost no frequency shift is observed (see Fig. 7a ), the IF range exhibits a pronounced frequency shift (see Fig. 7b ).
The rather strong frequency shift for both polarizations for IF and HF may be explained by the fact that in the strongly attenuated frequency ranges, the wavelengths are of the size of the inclusions lengths, which increases the scattering-related attenuation (see Table 4 ). The difference in the frequency shift between the polarizations and the fact that the second peak is much stronger for the S1 than for the S2 polarization indicates that scattering attenuation is dominant when the polarization is parallel to the crack, but that intrinsic attenuation becomes more important when the polarization is perpendicular to the cracks.
For a better understanding of the two separate peaks, we applied a band-pass filter of 10-50-350-400 kHz (perfect pass between 50 and 350 kHz, with linear cut-off ramps in the ranges 10-50 kHz and 350-400 kHz) to the HF data of sample M2 (centre panel of Fig. 5c , replotted in Fig. 8a ). The Cut-off frequency of 400 kHz approximately coincides with the end of the first peak in Fig. 7(c) . The result is depicted in Fig. 8(b) . The HF part, obtained as the difference between the original and filtered seismograms, is shown in Fig. 8(c) . Note that after filtering, shear wave splitting with a magnitude of 1.4 µs becomes visible (Fig. 8b) , which could not be observed before. This corroborates our interpretation that the low-frequency part of the wavefield behaves as if travelling in an effective anisotropic medium. On the other hand, the seismic section in Fig. 8(c) corresponds to the combined frequency content of the two high-frequency peaks at 750 kHz (S2) and 820 kHz (S1) of Fig. 7(c) . No shear wave splitting is visible in Fig. 8(c that the high-frequency part of the wavefield behaves as if travelling in an isotropic medium with the velocity of uncracked epoxy resin.
Sample M3
In sample M3, none of the frequency ranges produces a second peak (see Fig. 9 ), because the cracks are too small and too sparsely distributed to allow for perceptible scattering attenuation. All wave propagation is in the effective-medium regime. However, like in sample M2, also in this sample the shift in frequency associated with the perpendicular polarization (S2) is more prominent than the one for S1. As mentioned before (see Table 4 ), the pulse-wavelengthto-crack-size ratio for M3 ranges from 1.39 to 6.21, that is, the wavelengths are not much smaller than the crack size. This explains why there is less unscattered wave propagation and less unperturbed energy as compared to sample M2.
Velocity results

Samples M2 and M3
We determine the S-wave velocities from the picked traveltimes of the first breaks. Fig. 10 depicts the resulting velocities of the fast (V S1 ) and slow (V S2 ) shear waves as functions of sample wavepropagation frequency according to Table 3 . Fig. 10(a) shows that the isotropic medium suffers of very little dispersion. The dispersion effect because of the cracks is more prominent for sample M2 (Fig. 10b ) than for sample M3 (Fig. 10b) . We also note that in all cracked samples, the S2 wave is more dispersive.
From these velocity values, we calculate Thomsen's anisotropy parameter γ using the relationship The graphs of the anisotropy parameter γ for samples M2 and M3 (Fig. 11) show that γ decreases with increasing dominant frequency in the samples. For both samples containing cracks, splitting is more pronounced at the lowest frequency (90 kHz) than at intermediate and high frequencies (431 and 840 kHz). As expected from the anisotropic theories for cracked media (Hudson 1981; Crampin 1984) , at LF the value of γ = 12.2 per cent in sample M2 is higher than γ = 7.2 per cent in sample M3, which has a lower crack density than sample M2. However, at the highest frequency, the value of γ = 2.0 per cent in sample M2 is equal to the one for M3.
While these values of the velocities and anisotropy parameter γ seem to be in conflict with standard anisotropic theories, a better understanding can be obtained when plotting them as a function of the ratio between centroid wavelength and effective crack size (see Fig. 12 ).
From Fig. 12 , we can infer a relationship between anisotropy and seismic frequency (or wavelength) relative to crack size. When plotted as a function of λ/d, the velocities in both samples exhibit an approximately linear behaviour. The different polarizations with respect to the crack orientations give rise to different slopes (see Figs  12a and b) . Further investigations will be necessary to determine wether the variation of the slope as a function of S-wave polarization could be used for an estimation of crack orientation. From these velocity values, we extracted the anisotropy parameter γ as a function of λ/d by means of eq. (4), where at each frequency, we have used a measured velocity value for one polarization and the linearly interpolated one for the other polarization. The resulting γ values are even better approximated by a straight line (Fig. 12c) . At long wavelengths (LF), where effective-media theory is more realistic (see Table 4 ) the effective anisotropy parameter γ is higher than at short wavelengths (HF). These velocity results allow to conjecture that the magnitude of shear wave splitting depends on dominant source frequency, crack size and density. Further experiments will be necessary to establish how the slope of γ over λ/d depends on the physical crack parameters.
Sample M4
Sample M4 was devised to study the effect of different crack density at constant crack aperture. In this sample, all cracks have the same aperture (0.091 cm), but three different diameters (0.7, 0.44 and 0.32 cm) and thus different aspect ratios (0.13, 0.20 and 0.28). Together with different numbers of cracks per layer, this led to different densities (8.4, 9.3 and 6.8 per cent) in the three regions of sample M4. The physical information of this sample is contained also in Table 1 . To separately interpret the S1 and S2 waves in the HF seismograms, we applied again the 10-50-350-400 kHz bandpass filter. The S-wave velocities of the fast and slow shear waves at the five measurement points in sample M4 are summarized in Table 5 and graphically represented in Fig. 13. 
Size effect investigation
The above observations regarding the dependence of the anisotropy on the size parameters of the cracks are confirmed from the results in sample M4. Table 5 shows the velocity values of S1 and S2 waves in samples M1, M2, M3 and M4 together with the relevant physical crack parameters diameter, aperture and density. We see that a simultaneous decrease in diameter, aperture, and density, from sample M2 to M3, led to decreasing S1 and HF S2 velocities, while only LF and IF S2 velocities increased as expected. On the other hand, from the measuring points M4-1, M4-3 and M4-5, we see that the velocities are practically insensitive to the crack diameter. Slight velocity variations seem to be correlated with decreasing crack density. Comparing the values for M2 with those for M4-1, where the crack size is the same, we see no sensitivity of LF and IF S1 velocities to crack density, while S2 and HF S1 velocities consistently decrease with increasing density. Generalizing these observations to the assumption that a crack density increase should never result in increased velocities, we can study the influence of the crack aperture by comparing the values for M3 with those for M4-3, where the crack size is very similar. We see that an increase in crack aperture causes a measurable increase in the S1 velocities for all frequencies and in the HF S2 velocities. The strong reduction in the LF and IF velocities between samples M3 and M4-3 can probably be attributed to the difference in crack density. From the observed dependencies of the shear wave velocities on the physical crack parameters, we infer that crack aperture is the most important parameter for shear wave splitting. The crack density is somewhat less important, and the crack diameter seems to have the least influence. While the effective crack size determines scattering attenuation, it does not seem to be a determining parameter for the S-wave velocity. Further experiments varying only one crack parameter at a time will be needed for a more conclusive study.
As shown in Fig. 13 , S-wave splitting does not show a strong dependency on the physical crack parameters that were varied in sample M4. In Figs 13(a) Table 5 . Velocity values for samples M1, M2, M3 and M4 for LF, IF and Hf ranges together with crack diameters and crack apertures. The velocity of the higher-frequency event in M2 is the same as for S1 of the lower-frequency event for both polarizations, that is, V(S1 2 ) = V(S2 2 ) = 1267 m s −1 . dominant, the anisotropy parameter γ slightly decreases with reduced crack density and individual crack length. On the other hand, for high frequency (see Fig. 13c ), a decrease in crack density or crack size leads to a slight increase in magnitude of γ . However, the variations are very small.
Shear wave attenuation measurement
To estimate the shear wave attenuation, we applied the frequencyshift method of Quan & Harris (1997) using a source-signature trace and the S-wave arrivals from the pulse-transmission experiment. The details of the procedure are described in Section 2.3. The centroid frequencies and respective variances of sources in the different frequency ranges, as well as the centroid frequencies of samples M1, M2 and M3 for polarizations S1 and S2 after Gaussian non-linear fit are presented in Table 3 .
Using the values from Table 3 and the first-break arrival traveltimes of the S1 and S2 waves in the seismic profiles shown in Fig. 5 , we calculate the quality factor from eq. (3). Note again that the re- sulting values for Q, presented in Table 6 , refer to total attenuation, including intrinsic and scattering attenuation. Fig. 14 shows a graphical representation of the corresponding attenuation values (Q −1 ), together with error bars estimated from the neighboring traces. We see that in all samples the attenuation increases with increasing frequency, and the increase in the cracked samples M2 and M3 is stronger than in the isotropic sample M1. In sample M2, the behaviour of the two polarizations is not significantly different, but differs distinctly from that in sample M1. In sample M3, the S2 wave is significantly stronger attenuated than the S1 wave. Since the epoxy resin that constitutes the background medium of samples M2 and M3 is very similar to sample M1, we can assume that the intrinsic attenuation in the resin of samples M2 and M3 is approximately equal to the total attenuation in sample M1, that is, Q −1
total (M1). Thus, we can calculate the attenuation effects due to the presence of the rubber inclusions using the approach of Brown & Seifert (1997) and Tselentis (1998) . For this purpose, we linearly interpolate the value of the intrinsic resin attenuation Q −1 resin in model M1 (model without inclusions) as a function of frequency, and subtract the result from the total attenuation Q −1 total for samples M2 and M3 at the same frequencies, that is,
Since the rubber inclusions are much smaller than the involved wavelengths, we assume that the intrinsic attenuation inside the rubber cracks is much smaller than the attenuation effect of scattering. Thus, from now on we will briefly refer to Q −1
as scattering attenuation. Fig. 15 shows that the so-obtained scattering attenuation Q −1 scattering for both (fast and slow) polarizations increases with increasing source frequency from LF to HF in both samples M2 and M3. Note that at LF, we observe little scattering attenuation with Q −1 s ≈ 0.01 in both samples. In sample M2, both S1 and S2 polarizations exhibit a very similar behaviour of the scattering behaviour, while in sample M3, the S2 wave is clearly more attenuated than the S1 wave. Another difference between the samples regards the increase of scattering attenuation with frequency. While in sample M3 the scattering attenuation increases linearly from LF to HF for S2, its slope rises between IF and HF for S1. On the other hand, the slope decreases significantly for both S1 and S2 in sample M2. This latter behaviour is consistent with our previous interpretation that for higher frequencies, there are more and more waves that can propagate in the space between the cracks in the isotropic background medium in sample M2.
D I S C U S S I O N
All our above observations indicate that the S2 wave is more strongly influenced by cracks in the medium when the propagation is closer to the effective-medium condition, that is, for low and intermediate frequencies. However, the main difference between the behaviours of Q −1 s in the samples is noted in the intermediate and high-frequency regimes. At these frequencies, the S1 attenuation is increased with respect to S2. We see in Fig. 15 for equivalent high frequency the scattering attenuation of the S1 wave in sample M2 is 66.66 per cent stronger than that of S1 in sample M3 while for the S2 polarization this difference is only 33.33 per cent.
Note that the different material of the inclusions (neoprene in sample M2, silicone in sample M3) did not seem to have a strong influence on the attenuation in our experiments. Intuitively, one should expect that the significantly lower value of the shear wave modulus for silicone (μ sil ≈ 1.0 MPa) than for neoprene (μ neo ≈ 3.6 MPa) would lead to much stronger attenuation. However, we observed stronger attenuation in sample M2, where the cracks are made of neoprene rubber. This indicates that the influence of crack size and aperture is much more prominent than that of the crack filling. Moreover, it is consistent with our assumption that the attenuation due to the presence of cracks in the samples is determined by guest on February 21, 2013 http://gji.oxfordjournals.org/ Downloaded from by scattering and that intrinsic attenuation within the cracks can be neglected.
There are many difficulties that are encountered in the laboratory and field to accurately measure an attenuation value (intrinsic, scattering or apparent). Effects related to the near-field, spherical divergence, boundaries, reflectors, coupling and scattering are factors that change the amplitude of a seismic trace. To avoid these effects, we used a method that basically depends on the frequency shift observed in the direct-arrival measurements at two different spacings. This method, which does not require any amplitude ratio approach (like, e.g. the spectral ratio), was established by Quan & Harris (1997) . As shown above, the application of this method requires two wave traces recorded at two different positions. Due to the characteristics of the experimental setup in this work, we strongly believe that the application of the frequency shift-method did not lead to overestimation of attenuation.
The results obtained from our three cracked samples have shown evidence of the frequency-dependent behaviour of wave propagation in anisotropic elastic media. The rubber inclusions used in this work simulated ideal cylindrical cracks consisting of solid material showing a low shear modulus as compared to the surrounding matrix. Our experiments used an idealized fracture system exhibiting aligned crack distributions with different fracture parameters. The size of the individual cracks was much below the seismic wavelengths. Our results indicate that the attenuation in such a system depends stronger on the geometric properties of the cracks than on the filling material. Regarding the geometric parameters, crack aperture and crack density were more important than crack diameter. Waves in different frequency ranges react slightly different to these parameters.
C O N C L U S I O N S
This experimental study aimed to investigate the influence of source frequency on elastic wave propagation in anisotropic media containing aligned penny-shaped cracks. The results show that the magnitude of S-wave birefringence in cracked media directly depends on the source frequency as well as crack size and density. In the low-frequency range, splitting was more conspicuous in all cracked samples than for intermediate and higher frequencies. For increasing frequencies, the magnitude of S-wave splitting (measured by means of the S-wave Thomson anisotropy parameter) decreases drastically. Low-pass filtering of high-frequency data turned out to be helpful to make a small shear wave splitting visible. This splitting was higher for larger cracks with smaller density.
We observed the dispersive effect of cracked media to be higher for the (slow) S2 than for the (fast) S1 polarization. Furthermore this dispersion is predominant when the crack length is smaller or of the same order as the wavelengths used in the investigation. Moreover, the lower the source frequency was, the more pronounced were the observed dispersive effects.
Contrary to the typical behaviour of shear wave splitting, the S1 wave seems to be more influenced by scattering than S2 when the crack size is larger than the wavelength. If this statement can be confirmed by future experiments, the crack aperture may be less relevant than the individual crack size in the HF range. An additional experiment in the high-frequency range with the same crack aperture but varying crack size and density showed an almost constant but slightly increasing anisotropy parameter with decreasing crack size.
From our experiments, we can establish an order of importance for the influence of different physical crack parameters on shear wave birefringence in anisotropic cracked media. Our results show that the crack aperture is the most relevant parameter, followed by crack density. Of the geometric crack parameters, their diameter seems to have the least influence on shear wave velocities. Particularly in the low-frequency case, where the S-wave propagation behaves like in an effective medium, the anisotropic parameter γ does not strongly depend on the crack size, but much more on the crack density. Because of our strict adherence to scalability of the experiments (except, of course, regarding the physical dimensions of the sources and receivers), we expect the results of our laboratory measurements to apply correspondingly in the seismic frequency range.
As discussed by Shaw (2005) , the knowledge about fracture parameters such as density, size, spacing and aperture can help to reduce uncertainties in seismic hydrocarbon exploration in fractured media. We believe that the main contribution of this work is to provide more data to better understand the dependence of seismic wave propagation on the properties of fractured reservoirs, with special regard to source frequency and fracture parameters. Moreover, the data set supplied by these laboratory measurements can be used for theoretical model validation. However, further model experiments under variation of a single parameter will be necessary to further corroborate our findings.
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